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The development of embodied CO 2 -eq analysis has progressed significantly in recent years and has become a mainstream practice in many industries as evidenced by the development of the ISO 14040 and 14044 life cycle assessment (LCA) standards. However, it is recognized that due to weaknesses in gathering data on product-related emissions, embodied CO 2 -eq values are probabilistic. This paper therefore presents a stochastic analysis of hybrid embodied CO 2 -eq in buildings to account for this weakness in traditional methods and, by way of example, applies it to an Irish construction-sector case study. Using seven apartment buildings, 70,000 results are simulated with Monte Carlo analysis and used to derive probabilistic and cumulative embodied CO 2 -eq intensity distributions for apartment buildings in Ireland. A Wakeby distribution with known statistical parameters and uncertainty was derived for the average embodied CO 2 -eq intensity of apartment buildings in Ireland. The mean hybrid embodied CO 2 -eq (ECO 2eq) intensity was estimated to be 1636 gCO 2 -eq/D with an uncertainty of 73 gCO 2 -eq/D. The stochastic analysis helps to account for variability in input variables into LCA and embodied energy and CO 2 -eq analysis. The application of the stochastic embodied CO 2 -eq analysis as demonstrated in this study can be extended to other building sectors and countries and can form the basis for the development of evidencebased policy formulation since it provides greater information of embodied CO 2 -eq intensities of building than deterministic approaches Q1 .
© 2011 Published by Elsevier B.V. be better placed in terms of having more detailed information on 120 their buildings which will enable them take informed environmen-121 tal decisions on their designs as well as in their choice of building 122 products and processes.
Introduction

123
The main aim of this work is to develop and implement method- • the presentation of a stochastic embodied CO 2 -eq assessment 127 methodology incorporating both process and input-output anal-128 ysis;
129
• using industry data to estimate the probability distributions of 130 embodied CO 2 -eq intensities for a particular building sector; and 131
• an evaluation of the embodied CO 2 -eq intensities and the uncer-132 tainty across a particular building type in Ireland.
133
The stochastic embodied emissions methodology employed in 134 this study is applicable to any type of structure, sectors other than 135 construction as well as to other countries. fitted distribution, a set of 10,000 random embodied CO 2 -eq inten-233 sities are then generated for each of the building materials and used 234 as input variables for the stochastic modeling. As an example, the 235 embodied CO 2 -eq intensity probability distribution of insulation is 236 shown in Fig. 1 .
237 Fig. 1 . Embodied CO2-eq intensity distribution of insulation.
Table 1
Common building materials, their embodied CO2-eq distributions and statistical parameters. tions obtained for the sub-sectors are presented in Table 3 .
Building materials
292 Table 3 Construction sub-sector distributions and the probability density functions.
Distribution
Probability density function 4-parameter generalized gamma
2.2. Input-output indirect embodied CO 2 -eq intensity Description of apartment buildings used in the case studies.
Apartments Description of apartment buildings
Apartment 1 Concrete piled foundation, reinforced concrete frame with infill 215 mm block-work; 320 mm thick reinforced concrete slab with 400 mm × 600 mm reinforced concrete columns on 9 m × 9 m grids. External finishes included brickwork and render, double-glazed timber-framed windows, thermafloor insulation and concrete roof tiles. Internal finishes included timber stud partitions, plasterwork and painting. Apartment 2
Reinforced concrete frame with minor structural steel to roof; 300 mm thick reinforced concrete slab with 400 mm × 400 mm reinforced concrete columns on 8 m × 8 m grids. Thermafloor insulation and external finishes include plaster work with gloss paint to wood work. Roof work consists of mastic asphalt roofing with rigid sheet covering and decking. Extensive mechanical installations made up of waste, water, gas, heating, HVAC, and lift installations. Apartment 3
Reinforced concrete substructure, block work external walls 440 × 215 × 100, concrete work in concrete frame structure, woodwork and precast pre-stressed concrete work for stairs, structural steel work fabricated members, internal walls partitioned with softwood and thermafloor insulation. Apartment 4
Reinforced concrete substructure with reinforced concrete in situ concrete frame, fabricated members steel work, concrete work stairs 1. The average hybrid ECO 2 -eq intensity distribution for apartment 428 buildings in Ireland shown in Fig. 6 was obtained the uncertainty associated with the stochastic ECO 2 -eq intensity 455 distribution can be evaluated. It is therefore estimated that the 456 mean of the stochastic distribution of ECO 2 -eq intensity across the 457 apartment building sector is 1636 gCO 2 -eq/D with an uncertainty 458 of 73 gCO 2 -eq/D. An embodied CO 2 -eq intensity of 73 gCO 2 -eq/D 459 was estimated as the standard deviation of the Wakeby derived 460 average distribution of apartment buildings in Ireland after 70,000 461 stochastic simulations. It can therefore be assumed that an embod-462 ied CO 2 -eq intensity calculated for an apartment building in Ireland 463 would have an uncertainty of 73 gCO 2 -eq/D. It is however recout using the derived ECO 2 -eq intensity cumulative distribution in 508 Fig. 7 . The sensitivity analysis is undertaken based on the premise 509 that despite using only seven buildings as case studies, statisti-510 cal parameters would not significantly change if large numbers 511 of buildings were sampled. Hence a comparison is made between 512 the cumulative distributions derived from the seven buildings and 513 those derived from a much more limited number of buildings (5 and 514 6 apartment buildings represented by Apartments 1-5 and Apart-515 ments 1-6 respectively). As can be observed in Fig. 8 mean: 5.04%) and that for 6 apartment buildings (median: 0.45%; 519 90th percentile: 0.08%; and mean: 2.5%) when compared to the 520 average of the apartment building sector (7 buildings used in this 521 study). While the reasoning behind the sensitivity analysis of ECO 2 -522 eq intensity distribution based on the number of cases analysed is 523 valid, for it to be statistically rigorous, a much larger sample size 524 is required, especially if the distributions are to be used to inform 525 policy making.
